The key causes of heterogeneity within progradational shallow-marine reservoirs have been defined as: shoreline type (wave vs. fluvial dominated); shoreline trajectory; the presence of permeability contrasts associated with dipping clinoform surfaces within the shoreface or delta front; the presence of cemented barriers between parasequences; and the progradation direction of the shoreline (described with respect to the main waterflood direction in the simulated reservoir). These parameters were recorded from a series of 56 modern and ancient depositional systems from a variety of climatic and tectonic settings. These data were then used to build the 408 synthetic sedimentological models that formed the basis for the SAIGUP study.
INTRODUCTION
Siliciclastic shallow-marine deposits form reservoirs in many of the world's major hydrocarbon provinces (e.g. North Sea, Nigeria, Brunei, Venezula, etc.). Whilst the sedimentology and stratigraphy of such successions is well documented (for reviews see Bhattacharya & Walker 1992; Reading & Collinson 1996) little work is available publicly that quantitatively assesses controls on reservoir performance and systematically compares the production characteristics of different types of shallowmarine systems; exceptions include Ainsworth (2005) , Abbots & van Kuyk (1997) and Ainsworth et al. (1999) . The aim of the work presented here is to determine the key factors that control reservoir heterogeneity within shallow-marine systems and to outline the inclusion of these heterogeneities in models built within the framework of the SAIGUP project . SAIGUP was a multi-disciplinary project aimed at quantifying the controls on hydrocarbon production from faulted, shallow-marine reservoirs. To address this, a series of synthetic sedimentological models were built. Four different structural styles were then superimposed on these and a range of different fault characteristics was applied. Subsequently, each of the models was produced using four different well patterns. The results of the flow simulations were analysed statistically to investigate the relative importance of the different input parameters and their inter-dependencies (e.g. Skorstad et al. 2008) . The multidimensional space encompassed by the various synthetic models is termed 'SAIGUP space'. This paper documents the parameterization of the sedimentological portion of SAIGUP space and the procedures developed for building the models. A brief summary of shallow-marine systems is given and the key causes of heterogeneity within such reservoirs are discussed. Measurements of the main factors that cause heterogeneity are presented from a variety of modern and ancient systems. These factors have then been grouped into a series of higher-order parameters that have been used to condition the 408 sedimentological models used in the SAIGUP study.
It is recognized that every depositional system and, consequently, every reservoir is essentially unique (Ainsworth et al. 2008) . Furthermore, even the best reservoir models, built specifically for a given field, do not capture all of the subtleties of the depositional system. The challenge within this study has been to build a suite of models from a range of realistic parameters that capture the essence of progradational shallowmarine reservoirs. More detailed models of individual facies associations have not been included. The models have been used to test a whole range of parameters that affect simulated hydrocarbon production. This challenge is complicated further by the need to automate the model-building process as described below. The final suite of models is intended to represent the range of depositional systems that can occur and, while no model is a direct representation of a single shoreline system, the suite of models should capture the majority of the variability that can exist in the real world.
SEDIMENTOLOGY OF PROGRADATIONAL SHALLOW-MARINE SYSTEMS: A BRIEF REVIEW
The shallow-marine or coastal realm is defined as the depositional system that exists between the landward influence of marine processes and the seaward influence of continental, mainly fluvial (river) processes (Boyd et al. 1992; Reading & Collinson 1996) . The SAIGUP study concentrates on the shallow-marine and coastal realm and includes the linked depositional systems of the mud-rich inner shelf, basinward of the coastal zone and the fluvial coastal/delta-plain deposits laid down landward of the shoreline.
Shallow-marine systems are classified in a number of ways. The first stage of classification is based upon medium to long-term (hundreds to tens of thousands of years) movement of the shoreline (Fig. 1 ). This shoreline movement is controlled by the balance between the amount of sediment supplied to the depositional system and the amount of accommodation created (Van Wagoner et al. 1990; Swift et al. 1991; Boyd et al. 1992) . Sediment is supplied by rivers and by longshore drift, whilst accommodation is created by a combination of sea-level rise and subsidence. If the amount of sediment supplied is greater than the available accommodation then the shoreline will prograde (Van Wagoner et al. 1990) . Modern progradational shorelines include the Mississippi delta, the Nile delta and many others (Fig. 2) . Conversely, if the amount of accommodation created is greater than the amount of sediment that would be required to fill it, then the shoreline will migrate in a landward direction. Landward migration of the shoreline may occur as a result of a relative sea-level rise (tectonic or eustatic) or as a consequence of a reduction in sediment supply, such as that caused by delta lobe avulsion and auto-retreat (Van Wagoner et al. 1990; Muto & Steel 2001) . Landward-migrating systems are termed retrogradational or transgressive and are characterized by either barrier-island complexes (such as the modern-day Texas Gulf coast) or by estuaries (such as the Thames, Severn or Dee). This study concentrates on progradational systems because they are volumetrically most significant as reservoirs (Whateley & Pickering 1989) ; examples include the Niger Delta (Doust & Omatsola 1990) , the palaeo-Baram Delta of Borneo and Brunei (Sandal 1996; Hodgetts et al. 2001; Back et al. 2005) , the Brent Delta of the North Sea (Helland-Hansen et al. 1992; Hampson et al. 2004; Jennette & Riley 1996) and many others.
The most volumetrically abundant transgressive deposits are laterally restricted estuarine systems, which are far more complex and not suited to a project such as SAIGUP. Away from estuarine settings, transgressive phases are typically represented by flooding surfaces and/or thin discontinuous shelf sandbodies that rarely preserve significant volumes of sediment in the shallow-marine realm and, consequently, are uncommon as reservoirs. It is important to note that certain systems, such as the Tarbert Formation of the Jurassic Brent Group in the North Sea, are described as transgressive (Hampson et al. 2004) because the long-term shoreline trajectory is backstepping (i.e. moving landward). However, whilst the individual shoreline parasequences (sensu Van Wagoner et al. 1990 ) are still progradational, it is the larger-scale parasequence set that is transgressive.
Progradational shallow-marine shorelines are subdivided further based upon the dominant depositional process. Three key processes have been identified: fluvial processes, wave processes and tidal processes (Galloway 1975; Boyd et al. 1992; Ainsworth et al. 2008) . All shallow-marine systems are affected to a greater or lesser degree by all of these processes and, consequently, progradational shoreline systems are classified within a ternary scheme (Fig. 2) . Any point within the triangle is defined by the relative importance of the three processes in controlling the resultant facies (and, ultimately, reservoir) architecture.
The models within SAIGUP include a spectrum from wave-dominated shorefaces through wave-influenced deltas to fluvial-dominated deltas (see Bhattacharya & Giosan (2003) for a review). The shoreface systems tend to have laterally extensive, straight strand-plain shorelines that contain few if any channels. Recent examples include the progradational parts of the modern-day coast of the Gulf of Mexico and the Nayarit Coast of Mexico (Curray et al. 1969; Fig. 3) . Wave-influenced deltaic systems are generally lobate, sand-dominated systems with a low proportion of distributory channels, modern examples include the Sao Francisco in Brazil (Dominguez et al. 1987; Dominguez 1996) , the Baram in Borneo (Sandal 1996) , the Ebro in Spain (Somoza et al. 1998 ) and the Nile in Egypt (Sestini 1989; Hampson & Howell 2005) . Fluvial-dominated deltas tend to be highly lobate to elongate, they contain abundant channels and are typically heterolithic (Bhattacharya & Giosan 2003) . Modern examples include the Mississippi (Coleman & Prior 1982) . Whilst deltas dominated by tidal processes exist (e.g. the Modern Ganges-Bramaputra and the Fly River; Dalrymple et al. 2003) and form important and extremely heterogeneous subsurface reservoir intervals, such as the Tilje and Ile formations of the Norwegian Sea (Martinius et al. 2005 ), they are rare. Tidal systems are more typically in transgressive systems, where the amplification of the tide -required to overprint the other processes -is provided by the drowning of an incised topography (Bhattacharya & Walker 1992; Zaitlin et al. 1994) . Consequently, they are not considered further within this study.
Sedimentological controls on reservoir architecture within shorefaces and wave-dominated delta systems
In wave-dominated, shallow-marine depositional systems, the majority of sediment is brought to the shoreline by fluvial systems, although locally significant amounts may also be sourced from wave erosion of older sediment along the coast (Fig. 3) . The sediment is transported along the shoreline by longshore drift until it is deposited (Reading & Collinson 1996; Bhattacharya & Giosan 2003; Howell 2005) . The top of the depositional system (the delta or coastal plain) is essentially flat (typical dips of <0.02 ) and sits just above mean sea-level on the landward side of the shoreline. On the seaward side of the shoreline the shoreface is defined as the interval between the mean sea-level and the mean fair-weather wave base (FWWB, Walker & Plint 1992) . FWWB is the depth to which the typical daily waves affect the sea bottom. Seaward of the shoreface and extending to mean storm wave base (SWB) is the offshore transition zone (OTZ) and, further seaward still, is the offshore (Fig. 3) .
Immediately behind the shoreline are a series of lagoons and a low-lying coastal plain. The majority of sand in the coastal plain is deposited by fluvial systems, although beach ridges may exist immediately behind the shoreline (Dominguez et al. 1987) . Channels, which are frequently meandering due to their low gradient, deposit sand in narrow channel belts. Outside the channel belt, overbank deposits are laid down. These overbank deposits are comprised mainly of mudstones, although thin sandstones and coals may also be present (Ryer 1981; Howell & Flint 2004) . The overbank deposits are laid down either under subaqueous conditions in lagoons, or on floodplains that are generally subaerial. Processes on the floodplain include sheetfloods and deposition of fine material from suspension in ephemeral ponds and lakes. The channel sandbodies will generally have good reservoir properties, although their lateral extent is typically limited. The overbank deposits are effectively non-reservoir, although in some cases crevasse splay systems can contribute to net reservoir pay (Keogh et al. 2005) .
Sediment introduced to the marine part of the system is transported along the shoreface by longshore transport processes, whilst fair-weather waves steadily move the sediment obliquely landward and deposit a series of trough cross-bedded (TXS) sandstones in the upper shoreface (USF), which are overlain by planar-laminated sandstones deposited by the swash from the breaking waves on the foreshore. These deposits are typically very mineralogically and texturally mature, have a very low clay content and generally make excellent reservoirs, such as the Etive and Tarbet formations in the Brent Group (Hampson et al. 2004) .
Periodic storms erode the upper shoreface and foreshore and deposit sheets of hummocky cross-stratified sandstones across the lower shoreface and OTZ. During fair-weather periods, the waves rework the tops of hummocky crossstratified beds in the lower shoreface but do not affect those in the OTZ. Fair-weather deposition in the OTZ is characterized by silt and mud deposited from suspension. The hummocky cross-stratified beds are generally finer grained than those of the upper shoreface, and the lower shoreface interval may contain thin, discontinuous mudstone horizons. Consequently, the reservoir properties are poorer than the upper shoreface. In many cases, such as the Fulmar Formation in the Central North Sea, the lower shoreface may also become extensively bioturbated (Howell et al. 1996) . The lower shoreface interval is still sand dominated and will typically contribute to hydrocarbon production. The hummocky cross-stratified beds in the OTZ have similar reservoir properties to those in the lower shoreface, but the beds occur as laterally extensive sheets separated by mudstones. Consequently, whilst horizontal flow properties may be good, vertical flow between beds is very limited. Beds in the OTZ will connect up depositional-dip to those in the lower shoreface, where better vertical communication exists. Seaward of the OTZ and below SWB, deposition is of hemipelagic and pelagic silt and clay. Whilst it is noted that storm-derived density currents can carry sand-grade sediment far offshore (Pattison 2005) , these events appear to be relatively rare in the rock record and the offshore deposits are treated as non-reservoir.
Consequently, a typical succession (Fig. 3 ) passes up from offshore mudstones through interbedded, hummocky crossstratified sandstone and mudstone into the sandstones of the shoreface. The lower part of the shoreface is characterized by amalgamated hummocky beds, while the upper part is characterized by trough cross-and planar bedding. This is overlain by the channel and overbank deposits of the coastal plain. Overall, there is an upward increase in reservoir properties up to the top of the foreshore, while the coastal plain is highly variable.
In a depositional dip direction (i.e. a profile from onshore to offshore), the top of the delta plain is essentially flat, the shoreface and OTZ exhibit a dip, typically of 1-2 that decreases into the offshore (Hampson & Storms 2003; Hampson & Howell 2005) . In a depositional strike direction (i.e. along the shoreline), wave-dominated deltas are generally straight to slightly lobate (Fig. 3) .
Sedimentological controls on reservoir properties and architecture within river-dominated delta systems Within river-dominated delta systems, the sediment brought in by the fluvial system is not redistributed by either wave or tide processes. As the sediment-laden river enters the standing body of water, the flow decelerates and causes deposition of the load. The basic depositional element in a river-dominated delta is the mouth bar (Coleman & Prior 1982; Reading & Collinson 1996) . As the mouth bar aggrades it eventually becomes emergent and diverges the river into two distributary channels on either side of the bar. Two smaller mouth bars are then deposited in the mouths of these channels and the channels continue to split until they become too small to carry sediment. The system becomes choked and avulsion or lobe switching occurs (Olariu & Bhattacharya 2006) , where the river breaks from its existing channel and establishes a new lobe in a topographically lower area, typically in a lateral position to the existing lobe. Riverdominated delta lobes are highly lobate to finger-like in geometry and contain abundant channels (Fig. 3) .
At the front of the delta, the finest sediment is carried furthest into the basin in a buoyant plume and the coarsest material is deposited nearest to the river mouth. Periodic floods in the river release sediment that is flushed into the delta system. Each flood results in a sheet of sandstone that dips, thins and fines in a seaward direction. These are termed clinoforms (Driscoll & Karner 1999) . The sheets are dominated typically by planar laminations and ripple cross-lamination. In the lower delta front (pro-delta), thin sheets of sandstonerepresenting the seaward extent of the largest floods -are interbedded with the mudstones deposited from suspension through much of the time. The middle and upper parts of the delta front (LDF and UDF) contain a progressively higher proportion of sand in thicker beds. The UDF may be cut by and interfinger with the deposits of the distributary channel . Landward of the shoreline lies the delta plain, which, like the coastal plain described above, is comprised of channels and overbank deposits (Ryer 1981; Reading & Collinson 1996) . Typically, there is a greater proportion of channel deposits in the delta plain than in wave-dominated coastal plain because the number of active channels at any one time is greater.
Because the sediment is not significantly reworked by waves, river-dominated deltas are highly lobate (e.g. Newman & Chan 1991; Anderson et al. 2004; Bhattacharya & Tye 2004) . The mouth-bar sandbodies also contain seaward-dipping clinoform surfaces (e.g. ). These clinoforms represent former positions of the depositional surface that existed between flood-induced influxes of sand. They dip in a seaward direction and frequently are draped with mud. These mud-draped surfaces are potential significant barriers to both horizontal and vertical fluid flow within mouth-bar reservoirs (Driscoll & Karner 1999) .
Parasequences and parasequence sets
Parasequences are the basic building blocks of sequence stratigraphy (Van Wagoner et al. 1990 ) and the parasequence concept has been used as a stratigraphic framework for the models in the SAIGUP study. Within a deltaic or shoreface parasequence there is an upward increase in grain size and sandstone-bed thickness and a decrease in the proportion of shale, all of which result from the reduction in depositional water depth as the shoreline system progrades (Van Wagoner et al. 1990 ). Parasequences are bounded by flooding surfaces where there is a sharp increase in the amount of shale, resulting from a landward dislocation of facies associated with a rapid rise in relative sea-level. These flooding surfaces are typically the key tools for correlation within shallow-marine reservoirs.
Parasequences stack into parasequence sets, which are defined as a set of genetically related parasequences with a consistent stacking pattern (Van Wagoner et al. 1990 ). The stacking pattern records the longer-term movement of the shoreline during the deposition of a number of parasequences. Parasequence sets may be progradational, aggradational or retrogradational, depending upon whether the shoreline is moving seaward, landward or remaining stationary through time. The main suite of synthetic reservoir models in SAIGUP is comprised of four equally thick (20 m) parasequences, stacked in a progradational parasequence set. The justification for this is discussed further below.
DATA COLLECTION AND MODEL
PARAMETERIZATION Shorefaces and river-dominated deltas are two end-members of a spectrum of delta types (Fig. 2 ). There are broad similarities in that both types of deposit coarsen upward from offshore mudstones, through a variety of heterolithic and sand-rich deposits and are overlain by coastal plain deposits. However, significant differences exist both between the plan view geometries of these systems and their internal character. The aim of this study is to quantify a series of parameters that define these differences and to populate the SAIGUP models with realistic values. For this purpose data were compiled from a series of 15 ancient and 41 modern shoreline systems (Tables 1  and 2 ). The data were taken from published work, including cross-sections and maps for ancient systems and from maps, satellite and aerial photographs of modern systems. Extensive use was made of NASA's 'Earth from Space' (NASA 2003) and MrSid Landsat database (NASA 2004) .
The key parameters, which are outlined below, were subdivided into two groups: (1) those that were varied within model building in order to introduce the required heterogeneities to the synthetic reservoirs; and (2) those that were treated as constant across the full suite of models. Many of these parameters have a degree of interdependence; this was investigated and included in the model parameterization.
It is recognized that the modern-day shape of a delta represents a 'snap-shot' of the processes and forms that result in the final preserved depositional element. The final depositional element will commonly be larger and more extensive than the present-day view. However, the majority of these features, such as delta lobes and shorefaces, are preserved by rapid abandonment and flooding during the formation of a parasequence boundary. This process results in the 'fossilization' of the form that was present immediately prior to the Type of delta according to grain size (GR, Gravel; GS, gravel and sand; FS, fine sand; MS, mud/silt) and dominant processes shaping delta front (i, input dominated; t, tide dominated; w, wave dominated; m, mixed). Expanded from work presented by Orton & Reading (1993) .
a Type of delta according to grain size (GR, Gravel; GS, gravel and sand; FS, fine sand; MS, mud/silt) and dominant processes shaping delta front (i, input dominated; t, tide dominated; w, wave dominated; m, mixed).
flooding, such that the modern systems can be used as an approximation for the facies distributions and geometries within a single parasequence. Given the limited amounts of usable data on preserved 3D architecture from ancient systems, the modern ones have been considered a usable proxy that contributes much value to the dataset.
Parameters varied within SAIGUP space
The type of shoreline system (see above) is traditionally considered to be the key control on the subsequent reservoir heterogeneity (Galloway 1975; Coleman & Prior 1982 and others) . As discussed previously, the principal depositional process acting at the shoreline (wave vs. fluvial) controls the plan-view shape, the channel abundance in the delta plain and the abundance of mudstone-draped clinoform surfaces within the delta front. These parameters were characterized from the modern and ancient systems separately and then combined to produce a lower-order parameter, termed 'shoreline type', which was varied at three different levels within the SAIGUP modelling. These levels can be summarized as 'shorefaces', with a straight plan-view shape, very few channels and no dipping barriers; 'wave-dominated deltas', with a lobate shape, moderate numbers of channels and some dipping barriers; and 'riverdominated deltas', with an elongate shape, abundant channels and abundant dipping barriers. The detail of recorded and modelled values is discussed below, as are the other parameters (aggradation angle, barrier coverage and progradational direction) recorded and varied in the modelling. Shoreline shape The plan-view shape of the shoreline is termed here the shoreline 'lobosity'. Lobosity was measured from the modern systems as the ratio between the curved profile of the delta and a straight line between a point at either side (Fig. 4) . Lobosity in nature ranges as a continuous parameter from straight, through lobate to elongate (Fig. 5) . Observed values from modern systems occurred in the range of 1-5.5, with a mean of 1.4. Values were not recorded from ancient systems because of the lack of reliable map view data available for most systems. The shorelines were modelled using a truncated Gaussian simulation method (MacDonald & Aasen 1994) . Using this approach a boundary between adjacent belts of facies is modelled as a linear expectation surface, which defines the mean position of the boundary with stochastic variability subsequently added. In plan view the expectation surface can be defined as either straight or simply curved. The degree of curvature is a user-defined parameter conditioned from the measurements of the modern systems. Within SAIGUP the curvature of the shoreline was modelled at three levels of lobosity: 1.1, 1.8 and 2.9 (RMS values of 2.0, 0.6, 0.35, respectively; Fig. 5 ). The 1.1 value is considered to represent a near-linear shoreline, typical of wave-dominated shoreface systems; 1.8 is a moderately lobate system, typical of wavedominated deltas; 2.9 is a highly lobate system, representative of a river-dominated delta (Fig. 5) .
In the set of models containing highly lobate shorelines (lobosity of 2.9), the proportion of the zone occupied by shallow-marine facies was very low. Consequently, each zone was populated with two rather than one lobe. This was considered to be more geologically realistic as a single delta lobe sitting in isolation is unlikely to occur in nature because the space between the finger-like lobes is occupied during the next lobe avulsion event (Reading & Collinson 1996) .
As mentioned previously, shoreline shape is a subset of the parameter 'shoreline type' and, as such, is also linked to clinoform abundance, clinoform geometry and channel abundance (Fig. 6) . Figure 7 illustrates three SAIGUP models with real-world shallow-marine systems. Although only qualitative, the favourable comparison between model and nature is a useful quality control on the effectiveness of SAIGUP parameters at capturing real-world geometries. Abundance of shale-draped clinoform surfaces Seaward-dipping clinoform surfaces are an integral part of shallow-marine systems (Driscoll & Karner 1999; Hampson 2000; Hampson & Storms 2003; . Where these surfaces are commonly draped with shale, they may provide both horizontal and vertical barriers to fluid flow (Li & White 2003; Skorstad et al. 2008 ). Such draping is most common in fluvial-dominated or fluvially influenced systems. Seaward-dipping surfaces, clinoforms, occur at a variety of scales, two of which are relevant here -the bed and the bedset (sensu Van Wagoner et al. 1990 ). Bed-scale clinoforms are comprised of seaward-dipping sandstone beds locally draped with thin beds of shale (Figs 3 & 8) . These are especially common within river-dominated delta systems and are the product of very short-term fluctuations in the output of the feeder systems. Specific studies to address the effects of this scale of clinoform on production have been undertaken (Ainsworth et al. 1999; Chidsey et al. 2004; Skorstad et al. 2008) . Clinoforms also exist at the larger, bedset scale in both fluvial-and wave-dominated shorelines. Individual bedsets represent lobes of the delta, the dipping front surface of which is commonly draped with significant shales, deposited when the lobes are abandoned during avulsion. Bedset-scale clinoforms have been recognized in shoreface systems (O'Byrne & Flint 1995; Pattison 1995; Hampson 2000; Howell & Flint 2004; Sømme et al. 2008) but are significantly more common and more potentially detrimental to fluid flow in river-dominated systems Skorstad et al. 2008) . Neither bed clinoforms nor bedset clinoforms are recognized commonly in subsurface datasets and they are rarely included in reservoir models (see Ainsworth et al. 1999; Chidsey et al. 2004) . Within the limited outcrop datasets available there is a clear link between clinoform abundance and shoreline shape. Riverdominated systems have a far greater abundance of shaledraped clinoforms than their wave-dominated counterparts.
Observations from outcrops, such as the Panther Tongue (Newman & Chan 1991; Howell et al. 2008; Fig. 8) and Ferron deltas in Utah , indicate that the shape of the clinoform surfaces broadly follows the shape of the shoreline. Straight shorelines typically have planar seaward-dipping clinoforms and curved shorelines have clinoforms that resemble top-truncated cones (see below; Fig. 8 ).
For the purpose of SAIGUP, the bedset-scale clinoforms were modelled as stepped transmissibility multipliers on the cell faces (see below). Two factors were varied, the spacing of the clinoforms and the degree of shale coverage on the clinoform surface. It was not possible to represent accurately the closely spaced bed-scale clinoforms within a regular grid with the resolution of the SAIGUP model (or a typical field model). A separate study was initiated to investigate their effect.
As in the real world, the abundance of dipping barriers associated with clinoforms was linked to the shoreline shape. Dipping barriers were not included in the linear shoreline (shoreface) models. In the lobate shoreline (wave-dominated deltas) between one and three barriers were included, with a spacing of between 1000 m and 1500 m. A similar spacing was used for the river-dominated deltas (elongate shorelines) but there was no limit on the maximum number. Furthermore, in the river-dominated delta models, dipping barriers were placed independently in both 'lobes'.
The degree of barrier coverage (i.e. what proportion of the barrier is represented by reduced permeability vs. what proportion is comprised of 'holes'; see Manzocchi et al. 2008, fig 4 for example) was modelled independently. No real data were available from outcrop studies and values of 10%, 50% and 90% were chosen to cover a full range of possibilities. Details of the barrier modelling process are outlined below. Channel abundance and pattern In natural systems, channels within the coastal plain carry the sediment to the shoreline where it undergoes variable amounts of reworking before being deposited in the shoreface or delta front. Some of that sand is deposited within the channels and ultimately contributes to the net pay and flow characteristics of the reservoir. Delta-top and coastal plain channels are commonly straight to moderately sinuous (eg Van den Bergh & Garrison 2004; Figs 3, 4 & 7) . In the linear shoreline systems, either channels are absent as the sediment is supplied along the coastline by longshore drift or only a single channel is present, approximately normal to the shoreline. In delta systems the channels bifurcate downdip to form a broadly radial pattern. The channel abundance was recorded as the number of channel's mouths at the shoreline within the modern studied systems. It was not possible to determine reliably the volume of channel facies in ancient systems as the quality of the outcrop is typically insufficient. Observations from both the modern and ancient systems indicate that the frequency and pattern of the channels within the coastal plain are related strongly to the shoreline shape (Tables 1 and 2 ) and are a function of the type of delta system. As a general rule, straight shorelines have a very low abundance of channels whilst more curved systems contain a greater abundance.
The main facies modelling was undertaken using parallel belts of facies. This method is highly suited to shoreface and deltaic deposits but does not capture channels as discrete objects. Therefore, the channels were modelled separately using specific channel modelling tools (see Holden et al. (1998) for review of method) and then merged into the coastal plain facies belt. The dimensions of the channel objects were drawn from normal distributions, such that the mean width was 500 m (standard deviation of 100 m) and the mean thickness was 10 m (standard deviation of 2 m). A moderate correlation coefficient between width and thickness was included so that wider channels tended to be thicker. The channels have infinite length within the models. The channel pattern was linked to the shoreline type, with the straight shorelines being associated with simple, broadly shore-normal channels and a pointsourced, radial channel distribution being used for the deltaic systems (Fig. 7) . In merging the channels and the facies: belts model, the channel objects were placed only in the coastal plain belt. This meant that the channels provide a potentially highpermeability flow pathway through the coastal plain mudstones that is in lateral and vertical communication with the highly permeable upper shoreface/upper delta-front deposits. This is a reasonable compromise for the purpose of modelling in an automated system; however, it should be noted that in nature the channels may interfinger and even cut through older delta-front deposits, especially in systems with a low aggradation angle.
The proportion of the channels is set in the initial model, but it is somewhat difficult to control fully the proportion of channels in the final models as the channel bodies in the channel modelling stage may not be distributed uniformly in the volume so that the resampled volume does not reflect fully the original or target proportions. Therefore it is more useful to report the channel proportions in the finished models, after the resampling. The mean and standard deviation of these are 15 2%, 28 6% and 52 18% for the straight (shoreface), curved (wave-dominated deltas) and elongate (river-dominated deltas) shorelines, respectively. All three distributions are close to normally distributed. Aggradation angle ( ) The aggradation angle ( ) or shoreline trajectory (Helland-Hansen & Martinsen 1996) records the movement of the shoreline in a 2D, depositional dip-orientated cross-section. In aggradational and progradational systems, such as those within the SAIGUP study, the trajectory may theoretically vary between simple, horizontal progradation (no climb, 0 ) and pure vertical aggradation (90 ). Shoreline trajectory is a function of the balance between sediment supply and the rate of accommodation creation. A low occurs when the rate of sediment supply is high compared to the rate of accommodation creation and a high occurs when accommodation creation is higher and sediment supply lower. It should be noted that, as previously stated, in the studied progradation systems, the sediment supplied is always greater than the space created. It is possible to consider the shoreline trajectory over a number of different time-scales, two of which are relevant to this study: the parasequence (SAIGUP model zone) and parasequence set (entire SAIGUP reservoir). At both scales a low will result in thinner, but more laterally extensive facies tracts, while a high will result in vertical stacking of narrower facies belts (Fig. 9) .
Whilst the shoreline trajectory is a useful abstract concept, measuring values from the real world is more difficult, primarily because of the variety of datum surfaces used as palaeohorizontal in cross-sections. Shorelines with both horizontal trajectories (e.g. Hampson et al. 2004; Howell & Flint 2004) and (NASA 2003) . (e, f) Models of elongate, river-dominated deltas, each containing two lobes and built with a high (e) and low (f) aggradation angle. Both models are 9 3 0.08 km. (g) Modern river-dominated delta, the Mississippi Delta, USA; field of view c. 50 km wide (NASA 2003) . Key is for the facies in the models.
climbing shoreline trajectors (e.g. Ryer 1981 ) have been documented from numerous outcrop studies; however, it is very difficult to quantify the actual amount of shoreline climb.
The facies tract thickness in a shoreline with a horizontal trajectory will be equivalent to the depths to mean SWB and FWWB. If the shoreline is climbing (positive trajectory, aggradational) then the facies tracts will become thicker (tan( ) times the progradation distance). Typical progradational distances for shoreline may vary from hundreds of metres to tens of kilometres (Kamola & Huntoon 1995; Howell & Flint 2004) . Using a conservative value, equivalent to half the length of the SAIGUP field (4 km), it can be seen that very low angles produce extremely thick shoreline units (Fig. 9b) . Observed thickness values for individual shoreface packages in the rock record are between 10 m (e.g. O'Byrne & Flint 1995; Fitzsimmons & Johnson 2000) and 100 m (e.g. Johnson et al. 1986; Howell et al. 1996) . These extreme values were used to define three levels of aggradation angle to be used in the modelling. Values were set at 0.1-0.3 for the low aggradation angle models, 0.5-0.8 for the mid-range models and 1.0-1.4 for the steeply aggradational models (Fig. 9) .
In order to maintain a consistent shoreline trajectory at the large, parasequence-set scale (i.e. whole reservoir), it was necessary to define an additional parameter termed 'offset'. The long-term shoreline trajectory results from the combined effects of the short-term, parasequence-scale trajectory and the amount of landward dislocation of the shoreline facies tracts associated with the flooding surfaces that bound each of the zones (Fig. 9) . A near-constant long-term trajectory was maintained by varying the offset factor between the different aggradation angles (Table 3 ). The table highlights the target offset and also the achieved, posterior parameters recorded from the actual models. These are reported as P10, P50 and P90 values to illustrate the nature of the distribution. These values for offset are consistent with values documented from outcrop sections (Table 1) . Barrier coverage Cemented and shale-covered barriers are common in shoreface and deltaic systems, both associated with parasequence boundaries and bedset-scale clinoforms (O'Byrne & Flint 1995; Taylor et al. 1995 Taylor et al. , 2000 Molenaar et al. 1988; Molenaar 1990; Molenaar & Martinius 1990 ). There is very little quantitative data within the published literature on the degree of barrier coverage and the shape of the cemented bodies. For the purpose of SAIGUP, three levels of barrier coverage were modelled for all of the SAIGUP models (10%, 50% and 90% coverage), with a smaller subset of 12 models having 100% coverage. All levels of coverage were subsequently slightly modified by removing the barriers where the fluvial channel deposits were present, since clinoforms are a feature of the delta front and not formed within a channel setting. The resultant channel-controlled connections between otherwise clinoform-bounded upper shoreface compartments have proven extremely important for production from the model containing highly cemented clinoforms . Progradation direction The final factor varied during the sedimentological modelling was the progradation-or depositional-dip direction (i.e. the direction in which the shoreline built out). For each set of model parameters described above, three models were built: up, down and across the dominant structural dip. The progradation direction is important because the structural dip controls the well positions and the waterflood direction during production. Consequently, this parameter records whether the subsequent waterflood will be, up-depositional dip, down-depositional dip or across it . This link between sedimentology and structure does not imply that the structures were active during deposition; the faults are modelled as post-depositional with no related changes in facies thickness or shoreline orientations.
Parameters characterized from the real world but kept constant in the models
The above listed parameters were systematically varied within the SAIGUP models to produce the variety of heterogeneity for the study. A number of other parameters were also recorded from the analogue datasets. These are outlined below and their inclusion in the final models is discussed. Grain size The majority of shallow-marine systems have a broadly bimodal grain-size distribution, including a mud fraction which is deposited predominantly in the offshore and to a lesser extent in the coastal plain, and a coarser-grade fraction that makes up the shoreface or delta front. The proportion of mud in the system and the mean grain size of the coarser fraction are key controls on the overall geometry of the system (Orton & Reading 1993 ) and affect clinoform dip (Fig. 6 ), delta area (Fig. 6) , percentage of the coastal plain that is emergent and, to a lesser extent, the ultimate shape of the shoreline (Orton & Reading 1993) . The majority of the world's siliciclastic shallow-marine reservoirs are sandstones and, for the purpose of SAIGUP, it was decided to keep this parameter constant so that the sand-grade fraction has a modal distribution of fine sand. All other parameters are conditioned accordingly.
Clinoform dip angle Clinoforms are seaward-dipping surfaces that represent the position of the depositional profile at one time.
They represent boundaries between depositional events and are often mud draped or cemented. Clinoform dip was recorded directly from outcrops of ancient systems (e.g. Fig. 8 ) and from bathymetric data from modern systems ( Table 2) . As discussed above, the clinoforms in SAIGUP were modelled as dipping transmissibility barriers that provide barriers or baffles to both horizontal and vertical flow. Within nature, the dip of the clinoforms is a function of the mean grain size of the depositional system, with the dip angle increasing with the grain size (Fig. 6) . The dominant depositional processes (i.e. fluvial vs. wave) also affect the clinoform angle, with wave-dominated systems having lower dip angles than fluvial-dominated systems of an equivalent grain size (Tables 1, 2 ). As shale-draped clinoforms were modelled only in the lobate and elongate shoreline models, a typical value of 0.5 was used as being characteristic of a deltaic system comprised of fine sand (Fig. 6) . Zone thickness For the main suite of models, the 80 m section in the SAIGUP field was subdivided into four equally thick zones. Each zone was comprised of one parasequence or shoreline body (see above). The 20 m thickness for each shoreline body is taken from the typical thickness of parasequences commonly described in the literature (Van Wagoner et al. 1990; O'Byrne & Flint 1995; Howell & Flint 2004) . A series of 24 models were also built with two thicker, 40 m zones and another 24 models with six thinner (16.7 m) zones. The facies tract thicknesses remained constant for these additional models.
Facies tract thickness The thickness of the various facies tracts within the individual zones is conditioned directly from observations of ancient systems (Fig. 6 ). There is a strong link between aggradation angle and subsequent facies tract thickness (Fig. 9d) . The significance of this was not appreciated fully at the time the models were built. This relationship and the implications for reservoir geometries will be discussed in greater detail later in the paper. Within the models the values used are drawn from the ranges in Table 4 . The thicknesses of the offshore and the coastal plain were unlimited within the zones, i.e. the coastal plain deposits were used to occupy the area of the zone above and landward of the USF or UDF. Similarly, offshore facies were used to fill the part of the parasequence that lay below and seaward of the OTZ/prodelta. Channel widths and thicknesses within the coastal plain were taken from values typical for the lower delta plain, from the compilation of Reynolds (1999) .
Interfingering factor In the rock record the degree of shoreline sinuosity controls the degree to which the various facies belts interfinger with one another. The input was measured from the sinuosity of the shorelines in the modern systems. Sinuosity is defined as the ratio between a smoothed profile and the actual shoreline at the observed map scale. The observed mean ratio of 1.7 was then compared to plan views of various RMS models. From this an appropriate RMS parameter value of 1 was selected. No significant difference was observed or modelled between the different shoreline systems (Table 2) . Delta lobe avoidance factors Within nature delta lobes create positive topographic features on the seafloor and subsequent lobes will gravitate towards low points and avoid the previous lobes. This is simulated in the equi-thick zones of the SAIGUP model by adding a repulsion factor so that younger lobes avoid the apex of the earlier lobes (if node of lobe 1 is X, node of lobe 2 is X >250 m). This prevents unrealistic vertical stacking and is especially important where the long axis of the models is perpendicular to the depositional dip.
MODEL BUILDING PROCEDURE
An automated workflow was developed for building the required sedimentological models, conditioned to the data that had been collected. Models were built within a regular grid in two stages. A 1.5 million cell geomodel was built with a grid cell resolution of 37.5 37.5 1 m and this was upscaled to a 96 000 cell simulation model with a resolution of 75 75 4 m. Population of the grids was achieved by modelling the facies and then using the facies to control the distribution of petrophysical properties. The models were built in the following, semi-automated stages: (1) drawing input data from database; (2) facies modelling; (3) petrophysical modelling; (4) upscaling and the inclusion of the barriers (clinoform shales and parasequence boundaries). These stages are described in detail below and illustrated in Figures 10 and 11 .
Drawing input parameters
The facies modelling tools used to build the models include a truncated Gaussian simulation to model the shoreface and delta-front deposits (Facies: Belts in RMS, see MacDonald & Aasen (1994) for a full description); an object-based system to create channels (Facies: Channels in RMS, see Holden et al. 1998) . To run these models a series of input parameters are required. For the facies: belts modelling these parameters include: (1) the aggradation angle; (2) the shoreline shape; (3) the plan view widths of the facies tracts; (4) the positions of the facies boundaries; (5) the interfingering factor; and (6) the progradation direction. Parameters for the channel modelling delta top include channel proportions, orientation width and thickness and sinuosity. All of these input parameters were taken from the values described above. Within the workflow an IPL script (IPL is RMS's internal programming language) was written to take sets of values from the database and perform the facies modelling automatically. Values were drawn uniformly within the designated ranges defined for the suite of models. All drawn parameters were stored for statistical analysis and model QC.
Facies modelling
All of the facies, except the fluvial channels in the coastal plain, were modelled with the Facies: Belts module in RMS. Facies: Belts uses a truncated Gaussian field algorithm which creates an interfingering transition from a planar contact between two facies (MacDonald & Aasen 1994) . This facies modelling algorithim is ideal for reproducing shoreface and deltaic systems where progradation (or retrogradation) of facies that lie adjacent to one another in plan view results in interfingered belts in 3D. The first stage of the facies modelling was to select the plan view positions for the mean boundaries between the five main facies (Fig. 10) . Once the position of the first boundary was selected the others were calculated using the desired facies tract thickness and the aggradation angle (Fig. 10) . The position of the facies boundaries in the subsequent zones was calculated using an updip offset for the first boundary, designed to simulate the facies dislocation associated with a parasequence-bounding flooding surface. The position of the remaining boundaries within the second zone were again calculated using trigonometry. This procedure continued until the position of all of the boundaries in all of the zones was determined. Once the boundaries were in place the interfingering factor was input and the facies modelling algorithm was run.
As described above, three sets of models were built to represent shorefaces, wave-dominated deltas and riverdominated deltas, with increasing shoreline curvature. In the curved shorelines of the wave-dominated deltas the updip offset between zones was also supplemented by a lateral offset of the focus point, equivalent to the position of the main fluvial input position in the delta. This lateral offset simulated the topographic avoidance associated with delta lobe avulsion (see above). In the highly elongate shorelines of the river-dominated deltas, two delta lobes were included in each zone. This was achieved by building two separate realizations of each zone, using an avoidance factor to separate the lobes. The realizations were then merged so that any grid cell was assigned the most proximal facies from either of the two realizations.
The channels in the coastal plain were modelled using the Facies: Channels module in RMS. The channels for a specific zone were built within a separate realization of that zone and then merged into the coastal plain facies in a subsequent merge operation (Fig. 10) . The sinuosity, width and thickness of the channels was drawn from a constant range as described above, while the proportion of the channels was dependent on the shoreline type. The mean channel orientation was set perpendicular to the shoreline orientation in the shoreface models. Channels in the deltas were modelled with a radial, fan-shaped distribution, conditioned on the focus point within the facies belts realization.
Petrophysics and upscaling
The distribution of the petrophysical parameters is controlled by the facies. Porosity (POR), clay content (V shale ) and vertical (K v ) and horizontal (K h ) permeability for the low permeability facies (offshore, offshore transition and coastal plain), and log-permeability for the high permeability facies (channel, upper shoreface, lower shoreface) are modelled as correlated Gaussian fields (Haldorsen & Damsleth 1990 ) with different distributions within the different facies (Table 5) .
Correlations (0.8) were defined between each of the following four stochastic petrophysical properties: porosity, K h , K v , V shale (Skorstad et al. 2005) . Variograms used to control the lateral and vertical distribution of the petrophysical properties are summarized in Table 6 . To investigate the effects of variogram orientation, these were rotated through 90 for a subset of the models (Skorstad et al. 2005) . This resulted in a subset of models with identical facies distributions and two petrophysical representations.
Differences in small-scale sedimentological structure and properties were included in the grid-block relative permeability functions (Stephen et al. 2008) . Upscaling from the geo-grid to the simulation grid was achieved using a flow-based upscaling approach similar to the Warren et al. (1961) method but with a linear pressure fall rather than no flow at the boundaries. This choice of method is not overly sensitive to local areas with zero permeability such as the non-reservoir, coastal plain, offshore transition zone and offshore facies associations, where no-flow conditions would produce many cells with zero permeability.
Barriers at clinoforms and parasequence boundaries
Two types of barrier were placed in the SAIGUP models. Parasequence boundaries provide baffles and barriers to vertical flow, while the shales associated with the clinoform surfaces impede both vertical and horizontal flow. The parasequence boundaries were modelled as transmissibility multipliers on the zone boundaries.
The clinoform barriers were modelled as dipping, staircase, transmissibility multipliers (Fig. 11) . The position of the multipliers was achieved by creating an elliptic cone-shaped surface that followed the plan-view shoreline shape of the facies and dipped in a seaward direction (Fig. 11) . The surface had a variable transmissibility multiplier field. The cone was projected into the simulation grid and placed as a multiplier on cells that contained upper shoreface, lower shoreface and offshore transition zone facies. The clinoforms were not included in the offshore facies, because the permeability was already effectively zero. They were not included in the coastal plain-or fluvial channel facies because in the real world they are a feature of the delta front and do not occur landward of the shoreline.
Sealing on both the parasequence and the clinoform barriers varied spatially from open (transmissibility multipliers of one) to closed (multipliers of zero). A transformed Gaussian field was used to model the multipliers so that individual cell boundaries have a strong correlation with their neighbours and a gradual transition from complete sealing to non-sealing was obtained. The parameters were set to achieve three levels of average sealing across the surfaces (10%, 50% and 90%). The clinoforms were modelled with slight repulsion in order to prevent clustering and the clinoform frequency was controlled by the shoreline type. Barriers between the parasequence boundaries were included in all the models. Mud-draped clinoforms were not included in the straight shoreline (shoreface) systems, there were 1-3 per zone in the wave-dominated deltas and between 4 and 9 in each lobe (total of up to 18 per zone) in the river-dominated delta systems. MODEL QC AND LIMITATIONS A set of 408 sedimentological models were retained. These capture a range of heterogeneities that exist within progradational shallow-marine reservoirs. It is important to note that none of these models represents a direct, deterministic representation of any specific modern or ancient system. Rather the models are designed to capture the character and range of variability that could potentially exist. It is possible that values for some of the variables could exceed those used in the modelling and other combinations of the variables may occur. It is also possible that in specific systems other variables, beyond those modelled, may be important controlling factors on reservoir geometry and performance.
As the modelling procedure was automated it was important that the models were quality controlled by a geologist. The principal quality control method was to simply visually inspect the models and determine if they were geologically realistic. Facies belt geometries in cross-section and plan view were checked, as were facies juxtapositions. Models were also compared qualitatively to modern and ancient systems that occupied comparable SAIGUP parameter space. In virtually all cases, a good match was observed.
The models contain a number of limitations, many of which stem from the need to capture a very wide and highly variable parameter space or from the need for automated modelling. The following limitations exist within the models.
1. The use of parallel-sided zones. In the real world the top of a parasequence is flat in the coastal plain, dips seaward parallel to the old shoreface or delta front and is close to flat, dipping very gently seaward in the offshore. This topography is inherited by the subsequent parasequence and provides additional accommodation which affects the facies tracts thicknesses. The use of parallel-sided zones produces some minor geometric problems related to aggradation angles and facies tract thickness. Sensitivity studies, which include the modelling of real-world outcrops from the Spring Canyon and Desert Members of the Blackhawk Formation, Utah (Liv Johanessen, pers. comm.), indicate that this does not make a significant difference to the final flow results. 2. The use of equi-thick zones in all of the models. In the real world there is a clear link between zone thickness and aggradation angle, with higher aggradation angles resulting in thicker zones. This problem was overcome somewhat by using two aggradation angles (one for the zone and one for the model -see above) and having a smaller offset factor used in the models with higher zone aggradation angles. A subset of models with thicker zones was also generated and, although it would be possible to compare these to the appropriate 20 m thick zone model, this has yet to be done. 3. Using only one set of facies tract thicknesses for all of the models. There is a demonstrable link between facies tract thickness and aggradation angle, as discussed above. Increased aggradation angle results in an increase in the thickness of the facies belts. This has not been captured but could be addressed with further work; this is beyond the scope of the present study.
Despite these limitations, it is believed that the 408 models adequately capture a range of heterogeneities that exist within progradational, fluvial-to wave-dominated shallow-marine systems. These models form the basis for the various production sensitivity modelling studies performed within the SAIGUP project. These studies are summarized by Manzocchi et al. (2008) .
CONCLUSIONS
The four key components of heterogeneity within clastic shallow-marine systems were defined as (1) the degree of fluvial influence at the shoreline; (2) the aggradation angle; (3) the presence of cemented and shale-covered barriers; and (4) the progradation direction. The degree of fluvial influence controls the shape of the shoreline, the proportion of channels and the abundance of shale-draped clinoform surfaces. The aggradation angle controls the vertical and lateral stacking of the facies. A suite of 408 models were built to attempt to capture the variability that exists within real-world reservoirs of this nature.
To populate the models, data were collected from 51 modern and ancient systems. These data quantify the range of variability that exists within progradational shallow-marine systems, both within the individual parameters and the degree of parameter interdependency. Models were built using Roxar's RMS software. An automated modelling procedure was developed, which sampled input parameters from the database and produced the models in a series of steps. Visual comparisons between the synthetic SAIGUP models and images of modern shoreline systems provided a useful quality control of the models. The results are favourable and indicate that the values used to condition the SAIGUP models produce realistic models. This paper has benefited from constructive reviews by Gary Hampson, Allard Martinius and John Walsh. The European Commission Framework 5 Hydrocarbons Reservoir Programme is thanked for partly funding SAIGUP. Other members of the SAIGUP project not included in the authorship of this paper are acknowledged and thanked sincerely for ongoing discussion and input. Industrial partners, Shell, BG and Badley Geoscience, are also acknowledged for access to data. We are very grateful to Badley Geoscience, BG International, Roxar and Shell for their support of the SAIGUP project and for their sponsorship of the production of this thematic set.
